Two major mediators of glucose repression in Saccharomyces cerevisiae are the proteins Mig1 and Hxk2. The mechanism of Hxk2-dependent glucose repression pathway is not well understood, but the Mig1-dependent part of the pathway has been elucidated in great detail. Here we report that Hxk2 has a glucose-regulated nuclear localization and that Mig1, a transcriptional repressor responsible for glucose repression of many genes, is required to sequester Hxk2 into the nucleus. Mig1 and Hxk2 interacted in vivo in a yeast two-hybrid assay and in vitro in immunoprecipitation and glutathione S-transferase pull-down experiments. We found that the Lys 6 -Met 15 decapeptide of Hxk2, which is necessary for nuclear localization of the protein, is also essential for interaction with the Mig1 protein. Our results also show that the Hxk2-Mig1 interaction is of physiological significance because both proteins have been found interacting together in a cluster with DNA fragments containing the MIG1 site of SUC2 promoter. We conclude that Hxk2 operates by interacting with Mig1 to generate a repressor complex located in the nucleus of S. cerevisiae during growth in glucose medium.
The yeast Saccharomyces cerevisiae can use different carbon sources for growth, but evolution has selected mechanisms for the preferential and efficient utilization of glucose. In this yeast, glucose regulates carbon utilization mainly by the repression or activation of the transcription of numerous genes that encode enzymes implicated in carbon metabolism (1, 2) . Although several of the genes implicated in the pathways that control glucose repression have been identified, a complete mechanistic picture of the process is not yet available. The Hxk2 and Mig1 proteins participate as important repressors in the glucose signaling pathway (3, 4) .
Hxk2 is the protein that initiates the intracellular metabolism of glucose by its phosphorylation at C-6, but in addition it plays a vital role in glucose repression (5) . In hxk2 mutants repression of several genes by glucose is no longer operative (6, 7) . If Hxk2 acts as a transcriptional repressor, it should be found in the cell nucleus at least under certain conditions. In fact, results obtained using different approaches have demonstrated that about 15% of the protein is localized in the nucleus (8, 9) and that this localization is required for glucose repression of SUC2, HXK1, and GLK1 genes (9, 10) . Moreover it has been shown that the nuclear Hxk2 is involved in the formation of specific DNA-protein complexes during glucose-dependent repression of these genes (9, 10) .
Mig1 is a C 2 H 2 zinc finger protein that binds to the motif WWWWWN(G/C)(C/T)GGGG in several promoters (11) . Once bound to this MIG1 element, it recruits the Tup1-Cyc8 (Ssn6p) complex that represses gene transcription during growth in glucose (12) . The activity of Mig1 is regulated by phosphorylation and subcellular localization. In high glucose, Mig1 is dephosphorylated by the Glc7-Reg1 protein phosphatase complex (13) and is located in the nucleus where it can repress transcription; upon glucose removal, Mig1 is rapidly phosphorylated by Snf1 protein kinase complex (14, 15) and translocated into the cytoplasm (16) .
The functions of both Hxk2 and Mig1 have been extensively studied, but there is no information about possible interactions among them in the repression pathway. It has been shown that a DNA fragment of the SUC2 promoter that interacts with Mig1 is also able to interact with Med8 (9, 17) . Since it is known that Hxk2 interacts with Med8 (17) it was a logical question to ask whether Hxk2 and Mig1 could interact. We approached this question using different techniques, and we demonstrate here that Hxk2 interacts specifically with Mig1 both in vivo and in vitro. Furthermore we mapped the interacting domain of Hxk2 and show that its Lys 6 -Met 15 decapeptide is necessary both for nuclear localization and for the interaction with Mig1. We also show that the nuclear localization of Hxk2 is regulated by glucose and depends on Mig1. (19) . Escherichia coli MC1061 (hsdR mcrB araD139⌬(araABC-leu)7679⌬lacx74 galU galK rpsL thi) was the host bacterial strain for the recombinant plasmid constructions. Fusion protein expression was performed in E. coli BL21(DE3)pLysS (Promega).
EXPERIMENTAL PROCEDURES

Strains and Growth Media-Yeast
Yeast cells were grown in the following media: YEPD (2% glucose, 2% peptone, and 1% yeast extract), YEPE (3% ethanol, 2% peptone, and 1% yeast extract), and synthetic media containing the appropriate carbon source and lacking appropriate supplements to maintain selection for plasmids (2% glucose (SD) or 3% ethanol and 0.05% glucose (SE) and 0.67% yeast nitrogen base without amino acids). Amino acids and other growth requirements were added at a final concentration of 20 -150 g/ml. The solid media contained 2% agar in addition to the components described above.
Enzymatic Analysis-Invertase activity was assayed in whole cells as described previously (20) and expressed as micromoles of glucose released/minute/100 mg of cells (dry weight).
General DNA Techniques-Routine DNA manipulations were essentially performed as described previously (21) .
Construction of Plasmid DNAs-The plasmids used in this study are described in Table I . Hxk2 is numbered from residues 1 to 485 (22) , and Mig1 is numbered from residues 1 to 504 (23) . In Hxk2, residue 1 is a valine because the initiator methionine is cleaved off in the primary translation product. In Mig1, residue 1 is the initiator methionine in the primary translation product. The plasmids carrying partial segments of a gene and the encoded products are named according to the codons/ amino acids that are retained in the constructs. Plasmid pACT2/HXK2 carried a 1458-bp EcoRI/BamHI fragment with the complete coding region of HXK2 gene in pACT2 (24) . The HXK2 insert was synthesized by PCR using plasmid pSP73-HG (9) as the template with the primer pair OL1 ϩ OL2 (Table II) . Plasmid pGBKT7/MIG1 carried a 1515-bp BamHI-BamHI fragment with the complete coding region of MIG1 gene in pGBKT7 (Clontech). The MIG1 insert was synthesized by PCR using genomic DNA as the template with the primer pair OL3 ϩ OL4 (Table II) .
To make plasmid pGADT7/HXK2-416 a 1245-bp EcoRI-PstI fragment, obtained from pGADT7/HXK2 and carrying a 213-bp deletion in the 3Ј-end of HXK2 DNA, was first subcloned into the EcoRI and PstI sites of pUK21 and then isolated as an EcoRI-BamHI fragment and ligated into the EcoRI and BamHI sites of pGADT7 (Clontech). To make plasmid pGADT7/HXK2-136 a 408-bp EcoRI-HindIII fragment, obtained from pGADT7/HXK2 and carrying a 1050-bp deletion in the 3Ј-end of HXK2 DNA, was first subcloned into the EcoRI and HindIII sites of pUK21 and then isolated as an EcoRI-BamHI fragment and ligated into the EcoRI and BamHI sites of pGADT7. To make plasmid pGADT7/HXK2-87 a 261-bp EcoRI-Asp718 fragment, obtained from pGADT7/HXK2 and carrying a 1197-bp deletion in the 3Ј-end of HXK2 DNA, was first subcloned into the EcoRI and Asp718 sites of pSP73 and then isolated as an EcoRI-BamHI fragment and ligated into the EcoRI and BamHI sites of pGADT7.
Plasmid pGADT7/HXK2⌬K6M15 carried a 1428-bp EcoRI/BamHI fragment containing a HXK2 mutant gene (HXK2⌬K6M15) with a 30-bp deletion between nucleotides ϩ19 and ϩ48 in pGADT7 (Clontech). The expression of this mutant gene generates a truncated Hxk2 protein with specific activity similar to the wild-type hexokinase 2 but without the amino acids from Lys 6 to Met 15 (9) . The HXK2⌬K6M15 insert was synthesized by PCR using plasmid pSP73/HXK2⌬K6M15 (9) as the template with the primer pair OL5 ϩ OL6 (Table II) . The Gal4 activation domain (GAD) 1 fusion plasmids were constructed in the vectors pACT2 or pGADT7 and have an HA epitope tag at the N terminus of the inserted DNA.
GST fusions vectors pGEX/HXK2, pGEX/HXK2⌬K6M15, and pGEX/ MIG1 were constructed as follows. Plasmids pGEX/HXK2 and pGEX/ HXK2⌬K6M15 were constructed by subcloning EcoRI-XhoI fragments obtained, respectively, from plasmids pGADT7/HXK2 and pGADT7/ HXK2⌬K6M15 in-frame into the same sites of pGEX-4T (Amersham Biosciences). Plasmid pGEX/MIG1 was constructed by subcloning a BamHI-BamHI fragment from plasmid pGBKT7/MIG1 in-frame into the same site of pGEX-4T (Amersham Biosciences). The DNA sequence of all PCR-generated constructs was verified by sequencing.
The yeast expression vectors YEp352/HXK2, /HXK2⌬K6M15, YEp352/HXK2::gfp, YEp352/HXK2⌬K6M15::gfp, and YEp351/MIG1 were constructed as follows. Plasmids YEp352/HXK2 and YEp352/ HXK2⌬K6M15 were constructed as described previously (8) . Plasmids YEp352/HXK2::gfp and YEp352/HXK2⌬K6M15::gfp were constructed as follows. A 969-bp BamHI-BglII fragment containing the gfp gene was subcloned into YEp352/HXK2 or YEp352/HXK2⌬K6M15 (8) plasmids first cleaved with BamHI. Plasmid YEp351/MIG1 was constructed as follows. A 2774-bp SacI-SacI fragment containing the complete coding region of MIG1 gene and 565 bp of the 5Ј-non-coding region promoter was subcloned into previously SacI-cleaved vector YEp351. The resulting plasmid YEp351/MIG1 contains in a 2.77-kb SacI-SacI fragment the complete MIG1 gene under the control of its own promoter. All the clones used were verified by sequencing analysis of fusion points.
Yeast Two-hybrid Analysis-The yeast two-hybrid analysis (25) utilized yeast vectors pGADT7, pACT2, and pGBKT7 and host strain Y187 (described above) as supplied in the Matchmaker two-hybrid system 3 from Clontech. Yeasts were grown in SD-Leu Ϫ ,Trp Ϫ medium. Assays for ␤-galactosidase activity followed protocols described in the Clontech manual. Qualitative assessment of expression from the lacZ reporter gene was made using 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-gal) as a chromogenic substrate for ␤-galactosidase in a colony lift filter assay. For quantitative determination of ␤-galactosidase activity, the absorbance at 420 nm of o-nitrophenol released from the substrate o-nitrophenyl ␤-D-galactopyranoside was normalized to total protein Antibodies and Immunological Methods-GBD and GAD fusion proteins were detected using c-Myc monoclonal antibody and HA tag polyclonal antibody, respectively. Native and recombinant Hxk2p were detected using polyclonal antibody anti-Hxk2 (8) .
Immunoprecipitation experiments were performed by using whole cell extracts prepared as reported previously (26) . Extracts were incubated with antibody anti-Hxk2p for 1 h at 4°C. Protein A-Sepharose beads (Amersham Biosciences) were then added and incubated for 1 h at 4°C. After extensive washes with Staph A buffer (150 mM NaCl, 101 mM Na 2 HPO 4 , 18 mM NaH 2 PO 4 , pH 7.3, 20% Triton X-100, 1% SDS, 5% deoxycholate), immunoprecipitated samples were boiled in SDS loading buffer. The supernatant was subjected to 12% SDS-PAGE and detected by Western blot using anti-HA antibody and horseradish peroxidaseconjugated protein A by the ECL system (Amersham Biosciences).
GST Pull-down Experiments-GST fusion protein expression vectors (pGEX/HXK2, pGEX/HXK2⌬K6M15, and pGEX/MIG1) were transformed into E. coli strain BL21(DE3). Cells were grown to A 600 0.5-0.8, induced with 0.6 mM isopropyl-1-thio-␤-D-galactopyranoside at 37°C for 3 h, and collected by centrifugation. Cell pellets were resuspended in PBS buffer (150 mM NaCl, 101 mM Na 2 HPO 4 , 18 mM NaH 2 PO 4 , pH 7.3) and sonicated. Insoluble material was removed by centrifugation (17,000 ϫ g for 20 min at 4°C). Glutathione-Sepharose 4B (Amersham Biosciences) beads were incubated with soluble extracts for 1 h at 4°C, washed extensively with PBS buffer, and resuspended in the same buffer. The GST-Hxk2 and GST-Hxk2⌬K6M15 fusion proteins coupled to glutathione-Sepharose beads were incubated with 2.5 units of thrombin (2 h at 4°C) for site-specific separation of the GST affinity tag from Hxk2 and Hxk2⌬K6M15 proteins. Equal amounts of GST-Mig1p coupled to glutathione-Sepharose beads were incubated with Hxk2 and Hxk2⌬K6M15 purified proteins for 1 h at 4°C in PBS buffer. Beads were gently washed five times with 2.5 ml of PBS buffer, boiled in 25 l of sample loading buffer (50 mM Tris-HCl, pH 6.8, 100 mM dithiothreitol, 2% SDS, 0.1% bromphenol blue, 10% glycerol), and analyzed by SDS-PAGE followed by Western blot using anti-Hxk2p antibodies and horseradish peroxidase-conjugated protein A. Bound antibodies were detected using the ECL system (Amersham Biosciences).
Fluorescence Microscopy-Yeast strains expressing the Hxk2-GFP or Hxk2⌬K6M15-GFP fusion proteins were grown to early log phase (A 600 of less than 0.7) in synthetic media containing the appropriate carbon source and lacking the appropriate supplements to maintain selection plasmids. Nuclei of cells from 1-ml cultures were stained by addition of 2 g of DAPI to the media and incubated at 28°C for 60 min. Cells were washed with water, collected by centrifugation, and resuspended in 10 l of water, and then 4 l of the suspension was placed on a microscope slide. GFP and DAPI localization in live cultures was monitored by direct fluorescence using a Leica DMR-XA fluorescence microscope. Images were taken with a Leica Q550 camera using Leica QWin software and processed using Adobe Photoshop 6.0.
DNA Probes and Gel Retardation Assays-To investigate interaction of Mig1 with the sequence carrying the MIG1 element of SUC2 promoter we reconstituted the fragment from two complementary oligonucleotides (MIG1 SUC2 sense, 5Ј-tcgaGGAAATTATCCGGGGGCGA-3Ј; MIG1 SUC2 antisense, 5Ј-tcgaTCGCCCCCGGATAATTTCC-3Ј). The complementary strands were annealed and either end was labeled with [␣-32 P]dCTP by fill-in using the Klenow fragment of DNA polymerase I. The labeled double-stranded DNA was used as probe, and the unlabeled double-stranded DNA was used as competitor in gel retardation assays. In all cases the oligonucleotides were synthesized with an added TCGA nucleotide overhang at the 5Ј-terminal end. Binding reactions contained 10 mM HEPES (pH 7.5), 1 mM dithiothreitol, 1-5 g of poly-(dI-dC), and 0.5 ng of end-labeled DNA in a volume of 25 l. When unlabeled competitor DNA was added, its amount was 20 ng. The binding reaction mixtures included 3 g (6 l) of the corresponding purified protein, and after 30 min of incubation at room temperature they were loaded onto 4% non-denaturing polyacrylamide gels. Electrophoresis was carried out at 10 V/cm of gel for 45 min-1 h in 0.5ϫ TBE buffer (45 mM Tris borate, 1 mM EDTA). Gels were dried and autoradiographed at Ϫ70°C with an intensifying screen.
RESULTS
Hxk2
Interacts with Mig1 in Vivo and in Vitro-Hxk2, Mig1, and Med8 form part of the same protein complex that interacts with a regulatory element of the SUC2 promoter (9, 17, 26, 27) . However, an interaction between Hxk2 and Mig1 proteins has not been demonstrated. To test this possibility, we used a yeast two-hybrid assay. The pGBKT7/MIG1 plasmid (see "Experi- ; and Hxk2-⌬K6M15, lacking amino acids 6 -15) and fulllength (amino acids 1-485) Hxk2 fused to the GAD were individually co-transformed into yeast strain Y187 with constructs encoding the GBD alone or GBD fused to full-length (amino acids 1-504) Mig1. The full-length Mig1 fused to the GBD was also co-transformed into yeast strain Y187 with construct encoding the GAD alone as indicated in C (crossed bar). The transformed yeast cells were grown in SD media lacking appropriate supplements to maintain selection for plasmids and were harvested at early log phase (A 600 , 0.6). Protein-protein interactions were examined in each transformant by the qualitative and quantitative assay methods for ␤-galactosidase activity. * bars, blue colony color. The values are the averages of ␤-galactosidase activity for three transformants. Each measured value was within 20% of the average. mU, milliunits.
mental Procedures") was co-transformed with a plasmid expressing a fusion of the Gal4 activation domain with Hxk2 into an appropriate reporter strain. The interaction between both proteins was monitored by ␤-galactosidase expression levels with a filter assay and a liquid culture assay.
As shown in Fig. 1 , the full-length Mig1 produced a strong interaction with Hxk2 (Fig. 1B) . As control for the expression of the various constructs, the full-length Hxk2 or its truncated versions fused to the GAD were individually co-transformed into a yeast strain with a construct encoding the GBD alone (Fig. 1B) , and the full-length Mig1 fused to the GBD was co-transformed into a yeast strain with a construct encoding the GAD alone (Fig. 1C) .
To identify the domains of Hxk2 that are important for interaction with Mig1, subfragments of Hxk2 were similarly tested for interaction with Mig1. As shown in Fig. 1B, Hxk2 -416, Hxk2-136, and Hxk2-87 proteins were able to interact with the full-length Mig1. These results indicate that the interacting domain of Hxk2 might include a motif of its N-terminal region. Since the N-terminal region of Hxk2 contains a decapeptide (Lys 6 -Met 15 ), which is necessary for the nuclear localization of the protein (9), we tested whether this motif is necessary for Mig1 interaction.
As can be seen in Fig. 1B a truncated Hxk2 version lacking those 10 residues (Hxk2⌬K6M15) did not shown interaction with Mig1 in our assay. The lack of interaction cannot be attributed to lack of expression as the GAD-Hxk2⌬K6M15 fusion protein was detected by Western blotting using anti-HA antibody (Fig. 2) .
The interaction between Hxk2 and Mig1 was confirmed by immunoprecipitation assays in cells expressing HA-Mig1 as a fusion protein and Hxk2 or Hxk2⌬K6M15 as the only hexokinase 2 isoenzyme. Cell extracts from an hxk2 mutant strain transformed with plasmid YEp352/HXK2 or YEp352/ HXK2⌬K6M15 were immunoprecipitated with the antibodies indicated in Fig. 3A . The resulting immunoprecipitates were assayed for the presence of Mig1 by immunoblot analysis with anti-HA antibodies. As shown in Fig. 3A , a strong and specific signal of Mig1 was observed only with samples immunoprecipitated with anti-Hxk2 antibody in the strain expressing the full-length Hxk2; no signals were observed when the experiment was done using the strain expressing the Hxk2⌬K6M15 protein, although as can be seen in Fig. 3B , lane 1, HXK2⌬K6M15 protein is recognized by the anti-Hxk2 antibody. When an anti-Pho4 antibody or no antibody was used to detect unspecific immunoprecipitation and unspecific protein binding to anti-HA-Mig1 antibody, respectively, no signals were observed. Thus, this interaction is dependent on the production of HA-tagged Mig1 and full-length Hxk2 as well as anti-Hxk2 antibody. Since it could be thought that some unknown proteins in the extract could mediate the interaction between Hxk2 and Mig1 we tried to show direct interaction of Mig1 with Hxk2 using purified proteins in pull-down assays. We used purified Hxk2 and Hxk2⌬K6M15 proteins and a bacterially produced GST-Mig1 fusion protein. As shown in Fig.  3B , a strong and specific retention was observed in the case of full-length Hxk2, while no retention was detected with the sample containing the truncated protein Hxk2⌬K6M15. Taken together, these results demonstrate that Hxk2 interacts directly with Mig1 in vivo and in vitro and that the 10-amino acid motif, previously identified as essential for Hxk2 translocation to the nucleus, is required for Hxk2-Mig1 interaction.
The Nuclear Localization of Hxk2 Is Regulated by Glucose and Is Mig1-dependent-The subcellular localization of Hxk2 in relation with the growth conditions was monitored by fusing the GFP of Aqueora victoria (28) to the C-terminal end of Hxk2. The fusion was expressed in several yeast strains from the HXK2 promoter on YEp352/HXK2::gfp plasmid. In cells grown overnight in 2% glucose (SD-Ura Ϫ ), Hxk2 is predominantly localized in the cytoplasm, although a small fraction is located in the nucleus (Fig. 4A ) in accordance with previous results (8, 9) . In cells grown overnight on 3% ethanol (SE-Ura Ϫ ), conditions under which repression does not occur, Hxk2 is found in the cytoplasm, apparently excluded from the nucleus (Fig. 4B) . These results suggest that the cell modulates the Hxk2 regulatory function by controlling the transport of the protein into and out the nucleus.
To determine whether Mig1 participates in the regulation of Hxk2 localization, we examined it in a mig1 mutant strain (Fig.  4C) . In glucose-grown cells, Hxk2-GFP was in the cytoplasm and was largely excluded from the nucleus, suggesting that in these conditions Mig1 either retains Hxk2 in the nucleus or is necessary to translocate the Hxk2 protein into it. Since it is known that glucose causes a rapid translocation of Mig1 to the nucleus and removal of the sugar results in cytoplasm localization (16) it could be thought that the amount of Hxk2 located in the nucleus under glucose-grown conditions could be dependent on the Mig1 level. To check this, we increased the amount of Mig1 in the cell expressing it from a 2-m plasmid and examined Hxk2 localization during glucose growth (SDUra Ϫ Leu Ϫ ). As can be seen in Fig. 4D , Hxk2-GFP was intensely enriched in the nucleus, and scarce fluorescence was detected in the cytoplasm. As a control of this experiment we also used a fusion of the GFP to the C-terminal end of Hxk2⌬K6M15. The construct was expressed in a yeast strain from the HXK2 promoter on YEp352/Hxk2⌬K6M15::gfp plasmid. In cells expressing Mig1 from a 2-m plasmid during glucose growth (SDUra Ϫ Leu Ϫ ), HXK2⌬K6M15 is predominantly localized in the cytoplasm, apparently excluded from the nucleus. As can be seen in Table III , under these grown conditions repression does not occur.
To demonstrate that the Mig1 protein actually is increased in the presence of the high copy number plasmid, we studied the SUC2 glucose repression in the yeast strains used in this experiment. Table III shows that the increase in gene dosage of Mig1 is correlated with the increase in SUC2 glucose repression. These results suggest that the cell modulates the Hxk2 regulatory function by controlling the amount of the protein localized in the nucleus and that Hxk2 is sequestered in the nucleus through interaction with Mig1.
Hxk2 Binds to a Purified SUC2-Mig1 Complex-To determine the biological significance of the interaction between Hxk2 and Mig1, we investigated whether these two proteins co-localize in DNA-protein complexes by gel retardation analyses. If this were so, one ought to expect a differential pattern of band shifts using a DNA fragment carrying the MIG1 site of SUC2 gene and either Mig1 alone or Mig1 together with Hxk2. As shown in Fig. 5 (lane 2) , a protein-DNA complex (CI) was detected using Mig1 alone. The specificity of the binding was demonstrated by competition assays with the corresponding non-labeled oligonucleotide and with calf thymus DNA (data not shown). Addition of purified Hxk2 to the band shift reaction mixture generated a different protein-DNA complex (CII) migrating more slowly (Fig. 5, lane 3) . A similar result was observed when purified Hxk2 was added to the band shift reaction mixture after the Mig1-DNA complex was allowed to form (data not shown). To confirm that the CII complex was caused by Hxk2 interaction with Mig1 and not by directly binding to FIG. 4 . Mig1 regulates the subcellular localization of Hxk2-GFP. Yeast strain DBY2184 expressing Hxk2-GFP from a plasmid (YEp352/HXK2::gfp) was grown on SD-Ura Ϫ (A) or SE-Ura Ϫ media (B). Arrowheads indicate examples of nuclear localization (compare overlapping location of GFP and DAPI fluorescence at arrowheads) in A. Hxk2-GFP has a cytosolic location in mig1 mutants (C). Yeast strain FMY301 expressing Hxk2-GFP was grown to early log phase on SD-Ura Ϫ medium, and fluorescence was imaged. The Mig1-dependent appearance of Hxk2-GFP in the nucleus is shown in D. Mig1-Hxk2 interaction is necessary for nuclear localization of Hxk2-GFP (E). Yeast strain DBY2184 (transformed with the multicopy plasmid YEp351/MIG1) expressing, respectively, Hxk2-GFP and Hxk2⌬K6M15 were grown to early log phase on SD-Ura Ϫ Leu Ϫ medium, and fluorescence was imaged. The cells were stained with DAPI and then imaged for GFP fluorescence, for DAPI fluorescence, and by phase-contrast optics. DNA was stained with DAPI. DNA, we performed two different band shift assays. In one of them we analyzed the DNA binding capacity of purified Hxk2, and in the other one we studied the effect of Hxk2⌬K6M15 (a truncated derivative of Hxk2 not interacting with Mig1) on the formation of the Mig1-MIG1 SUC2 complex. The Hxk2⌬K6M15 did not bind the DNA fragment by itself (Fig. 5, lane 5) and had no effect on the pattern of band shifting observed with Mig1 (Fig. 5, lane 6) . The Hxk2 protein did not bind the DNA fragment used (Fig. 5, lane 7) .
To confirm that Hxk2 is present in the retarded complex CII, we used a polyclonal anti-Hxk2 serum (8) . As shown in Fig. 5 (lane 4) the anti-Hxk2 antiserum blocks the formation of the CII protein-DNA complex. In the absence of Hxk2 the antiHxk2 antiserum did not produce any complex (data not shown). These results allow us to conclude that the Hxk2 can bind to a complex formed by the transcriptional repressor Mig1 and the MIG1 element of the SUC2 promoter.
DISCUSSION
What makes Hxk2 a special protein is not only that it is the enzyme responsible for the phosphorylation of glucose but the fact that it is also implicated in glucose repression. It was found that both point (22) and null mutations (18) in the HXK2 gene blocked glucose repression of certain genes. Since the glucose phosphorylating activity in the corresponding extracts was reduced, the idea that there was a correlation between the glucose phosphorylating activity of Hxk2 and glucose repression appeared to be a very attractive possibility (6, 29) . However, this idea was questioned by the following findings. (i) When the GLK1 gene is overexpressed in an hxk1 hxk2 double null mutant the transformed strains are still insensitive to glucose repression although a 3-fold increase of phosphorylating activity is achieved (6) . (ii) Glucose repression is not linearly relieved with decreasing kinase activity, indicating that sugar kinase activity and sugar signaling are mediated at least in part through separated domains of Hxk2 (30, 31) . (iii) Mutant alleles with low catalytic activity were still fully functional in glucose signaling (32) . In this context it is also interesting to point out that early glucose repression of the SUC2 gene does not specifically require Hxk2 (33) and that Hxk2 is only necessary for the long term glucose response (34) . Thus, the correlation between glucose phosphorylation activity of Hxk2 and glucose repression appears less likely at present. 
Mig1-controlled Nucleocytoplasmic Localization of Hxk2
In this work, we studied the effect of Hxk2 on the glucose signaling pathway of S. cerevisiae, and we provide evidence supporting the idea that a regulatory domain of Hxk2 is involved in glucose repression signaling. We report that the Hxk2 and Mig1 proteins are physically associated. The most important findings with regard to the mechanism of Hxk2 action is that two-hybrid assays, co-precipitation experiments, and gel mobility shift analyses with purified proteins involved in the glucose signaling pathway of S. cerevisiae demonstrated that Hxk2 interacts through its amino acid region from Lys 6 to Met 15 with the Mig1 protein. The association represents relatively tight binding as the complex survived co-precipitation experiments under conditions of moderate salt and detergent concentrations. Moreover fluorescence experiments using the Hxk2-GFP fusion protein demonstrated that there is a direct correlation between the amount of Hxk2 located in the nucleus and the level of Mig1 in the cell. Finally gel mobility shift assays suggest that these Hxk2-Mig1 interactions are of physiological significance because the two proteins interact in a cluster with DNA fragments containing the MIG1 site of the SUC2 promoter.
These findings provide a molecular basis for understanding the effect of Hxk2 on the glucose signal transduction pathway of S. cerevisiae. Taking into account that an Hxk2-Mig1-DNA complex seems to be required for glucose repression signaling, the simple model consistent with both genetic and biochemical evidence is that the nuclear Hxk2 is necessary for the functioning of Mig1 in glucose-repressible genes. Two lines of evidence support this idea. First, Hxk2 is present in a complex with the Mig1 repressor protein (9, 35) . Second, a deletion of MIG1 or HXK2 genes abolishes glucose repression signaling in yeast cells (4, 9, 36) , and a double deletion of HXK2 and SNF1 genes does not abolish glucose repression (37) .
On the basis of our results and others previously reported, we propose that the addition of glucose, which inactivates Snf1 kinase (1, 2, 38, 39) and dephosphorylates Mig1 by the Reg1-Glc7 phosphatase complex (13) , induces the Mig1 and Hxk2 nuclear import (Fig. 6) . The amount of Hxk2 located in the nucleus is limited by the Mig1 level of the cell. Once access to the nucleus has been gained the heterodimeric Hxk2-Mig1 complex binds to the Mig1 target gene promoters and recruits the general co-repressor complex Cyc8-Tup1 (12) to repress the transcription of genes not required for growth on glucose. Since an hxk2 mutation deactivates the Mig1 repressor, because in this mutant Mig1 has a cytosolic localization (16) , one major function of Hxk2 may be to inhibit Snf1 protein kinase activity by blocking Mig1 phosphorylation at the nuclear level. Upon glucose depletion, Snf1 protein kinase is activated (40) and phosphorylates Mig1 (14, 16, 41) . Phosphorylation induces Mig1 nuclear export (16) , sequestering the protein in the cytoplasm together with the Hxk2. Genes needed for growth on other carbon sources different from glucose are thus derepressed. The Mig1-Hxk2 complex probably is not a carrier necessary for Mig1 translocation to the nucleus since an hxk2 snf1 double mutant has constitutive repression because Mig1 has a constitutive nuclear localization (37) . Thus, our model suggests that Hxk2 is sequestered to the nucleus by interacting with Mig1. This is a novel regulatory paradigm in which an enzyme from the central metabolism directly transduces nutrient availability to a transcription factor. Interestingly the Bacillus subtilis glutamine synthetase may have a direct role in controlling the expression of several genes of nitrogen metabolism by its interaction with the TnrA protein (42) . Moreover it has also been found that Kluyveromyces lactis galactokinase (Gal1) has a dual function: it functions as an enzyme in the phosphorylation of galactose and as a transcriptional regulator of Gal4 target genes. In the presence of galactose and ATP, Gal1 activates the transcriptional factor Gal4 by direct binding to the Gal4 inhibitor Gal80 (43, 44) . Thus, the ability of enzymes to regulate gene expression by interacting with cellular transcriptional machinery may be a widespread, although a still unrecognized, phenomenon.
